Metabolism underpins the physiology and pathogenesis of Mycobacterium tuberculosis. However, although experimental mycobacteriology has provided key insights into the metabolic pathways that are essential for survival and pathogenesis, determining the metabolic status of bacilli during different stages of infection and in different cellular compartments remains challenging. Recent advances-in particular, the development of systems biology tools such as metabolomics-have enabled key insights into the biochemical state of M. tuberculosis in experimental models of infection. In addition, their use to elucidate mechanisms of action of new and existing antituberculosis drugs is critical for the development of improved interventions to counter tuberculosis. This review provides a broad summary of mycobacterial metabolism, highlighting the adaptation of M. tuberculosis as specialist human pathogen, and discusses recent insights into the strategies used by the host and infecting bacillus to influence the outcomes of the host -pathogen interaction through modulation of metabolic functions.
Metabolism underpins the physiology and pathogenesis of Mycobacterium tuberculosis. However, although experimental mycobacteriology has provided key insights into the metabolic pathways that are essential for survival and pathogenesis, determining the metabolic status of bacilli during different stages of infection and in different cellular compartments remains challenging. Recent advances-in particular, the development of systems biology tools such as metabolomics-have enabled key insights into the biochemical state of M. tuberculosis in experimental models of infection. In addition, their use to elucidate mechanisms of action of new and existing antituberculosis drugs is critical for the development of improved interventions to counter tuberculosis. This review provides a broad summary of mycobacterial metabolism, highlighting the adaptation of M. tuberculosis as specialist human pathogen, and discusses recent insights into the strategies used by the host and infecting bacillus to influence the outcomes of the host -pathogen interaction through modulation of metabolic functions.
Ultimately, the process of pathogenicity itself will be describable in terms of the chemistry of the mycobacterial cell. -Wheeler and Ratledge (1994) T he term "metabolism" has a very wide purview. For bacteria, it is commonly used to describe the full set of complex and interconnected chemical transformations that enable individual cells to survive and replicate. In turn, these might be broadly divided into the anabolic pathways that consume energy in generating biomass and the energy-releasing catabolic reactions that channel organic building blocks into diverse cellular structures and pathways. Metabolism also includes pathways that are essential to the ability of bacteria to respond to dynamic environments and to maintain structural integrity in the face of fluctuating nutrient availability. Therefore, in an obligate pathogen such as Mycobacterium tuberculosis whose entire life cycle is driven in the context of human infection, metabolism necessarily underpins both physiology and pathogenesis (Rhee 2013) .
Owing to this dual role, the metabolism of M. tuberculosis has been the subject of intense research Beste and McFadden 2010) . However, although experimental mycobacteriology-in particular, the use of genetic tools to disrupt enzymatic and regulatory functions-has provided critical insights into the metabolic pathways that are es-sential for mycobacterial survival and pathogenesis, it remains extremely challenging to determine the precise metabolic status of bacilli during different stages of the infection cycle in vivo and, moreover, to elucidate the extent of heterogeneity in infecting populations located in discrete cellular (micro)environments in a single infected host. For the most part, investigations of mycobacterial metabolism have concentrated primarily on elucidating the metabolic capacity of the bacillus in vitro in defined growth media and under specific environmental conditions-or in experimental models of infection-rather than investigating metabolic function directly, and at the level of the complete biological system, during tuberculosis (TB) disease (Beste and McFadden 2010; Rhee et al. 2011) . This is a subtle distinction, but it has significant ramifications for any attempts to catalog bacillary metabolic status and function during different disease stages (Barry et al. 2009 ) and, consequently, for downstream efforts to develop improved interventions to counter this pathogen, whether through novel antimycobacterial drugs (Lechartier et al. 2014) , host-directed therapies (Schwegmann and Brombacher 2008; Hawn et al. 2013) , or vaccines (Ernst 2012) (Fig. 1) . Fortunately, recent developments-particularly the application of systems biology tools such as analysis of labeled metabolic intermediates (Marrero et al. 2010; Beste et al. 2011 Beste et al. , 2013 Watanabe et al. 2011; Lee et al. 2013) in combination with major advances in mass spectrometery -based technologies (du Preez and Loots 2013; Rhee 2013; Loots 2014 )-promise unprecedented access to the biochemical state of M. tuberculosis in experimental models of infection, as well as in determining the mechanisms of action of new and existing anti-TB drugs.
Different aspects of mycobacterial metabolism have been extensively reviewed in a number of excellent articles, and the interested reader is referred to these for detailed analyses (see Box 1) . In addition, literature in this subject collection focused on specific areas of M. tuberculosis physiology and metabolism, including the factors influencing mycobacterial growth (Uhía et al. 2014 ) and cell wall composition and homeostasis Jackson 2014) . Therefore, this review will provide a broad overview of metabolism in M. tuberculosis, focusing primarily on the pathways involved in central carbon metabolism and highlighting recent findings implicating specific metabolic functions in mycobacterial pathogenesis. It will also consider the increasing impact of "omics" technologies in elucidating the metabolic state of bacilli in different models of infection, with special reference to the influence of mycobacterial metabolism on the host -pathogen interaction. As noted previously , investigations of core metabolic processes in M. tuberculosis are generally aimed (explicitly or implicitly) at identifying essential functions and potential vulnerabilities that might be targeted in novel intervention strategies; therefore, the discussion throughout will be framed within the context of new TB drug discovery, with an emphasis on recent insights into the influence of bacillary metabolic status on antibiotic efficacy, as well as in the application of advanced analytic tools to determine antibiotic mechanisms of action.
MYCOBACTERIAL METABOLISM AND HUMAN TB DISEASE
M. tuberculosis is transmitted in infectious aerosols, which are inhaled deep into the lung alveoli where the bacilli lodge in terminal air spaces and are engulfed by resident alveolar macrophages and recruited neutrophils (O'Garra et al. 2013) . A hallmark of pathogenic mycobacteria is the ability to block normal acidification of phagosomes by preventing phagolysosmal fusion, enabling infecting bacilli to establish an intracellular niche that is conducive for replication in inactivated macrophages that offer limited antimicrobial defense (Russell 2011) . There, the bacilli undergo several rounds of replication; however, following recruitment of innate immune components, host effectors such as reactive oxygen and nitrogen intermediates are released and mycobacterial replication slows.
Immune activation results in the recruitment of lymphocytes and additional macrophages that assemble into a granuloma, a multicellular structure that sequesters the infecting bacteria from the surrounding tissue, and further inhibits the bacillary replication rate. Ultimately, the interior of the granuloma becomes necrotic (or "caseous") and hypoxic (Via et al. 2008) , and bacilli are thought to enter a quiescent state characterized by limited or no replication and phenotypic resistance to drugs targeting processes such as cell wall biosynthesis (Karakousis et al. 2008) . Evidence from various experimental systems, including macrophage (Rohde et al. 2012) , mouse (Gill et al. 2009 ), and nonhuman primate ) models, is consistent with the idea that, following infection, bacilli undergo several rounds of rapid replication, after which the increase in total bacterial number slows dramatically as a consequence of host-mediated killing and ultimately declines. Moreover, by applying a "clock plasmid" through both acute and chronic phases, it has been shown that replication continues throughout infection in the mouse model (Gill et al. 2009 ), an observation which appears to be supported in nonhuman primates as well in the emergence of chromosomal mutations during latent infection (Ford et al. 2011) . In turn, this suggests that bacillary numbers are maintained at suppressed levels during long-term infection owing to active immune surveillance and killing. M. tuberculosis is not restricted to specific host cellular compartments during infection (Dartois and Barry 2013; Dartois 2014) . In cellular granulomas, bacilli are located predominantly within macrophages as well as in some extracellular niches; in caseous centers of necrotic granulomas, they are extracellular and considered metabolically quiescent (O'Garra et al. 2013) . Bacilli are also found on the inner surface of open cavities within multiple cell types and even extracellular (Eum et al. 2010; Lowe et al. 2012) , where they are protected from the immune system and able to replicate freely (Kaplan et al. 2003) . In addition, there is (Barrios-Payan et al. 2012) . The occupation of discrete tissues and cell types implies that individual bacteria from a clonal infecting population might be characterized by different physiological (and, in turn, metabolic) states, even where located within the same microenvironment-perhaps by analogy with the significant heterogeneity in host cell type and function within organized granulomas (Mattila et al. 2013) .
From the perspective of mycobacterial metabolism, the bacilli are predicted to access glucose and triacylglycerides as primary carbon sources during early replication under aerobic conditions; thereafter the glucose-deficient macrophage environment forces a shift to the utilization of lipids (Boshoff and Barry 2005) . As the infection proceeds, and there is increased immune activation and host-imposed stress, normal aerobic respiration becomes increasingly limited and the bacterium switches metabolism to ensure maintenance of an energized membrane in the absence of growth (Watanabe et al. 2011; Eoh and Rhee 2013) . It is simplistic, therefore, to assume that mycobacterial metabolism has been selected to generate maximal bacillary numbers within a given microenvironment. The identification of immunopathology (imp/pat) mutants impaired in their ability to cause characteristic disease pathology despite showing no growth defect reinforces the important disconnect between bacillary number and disease outcome (Hingley-Wilson et al. 2003) . Similarly, the idea that metabolic activity is designed to maximize mycobacterial biomass and energy production from limited nutrient sources is problematic . M. tuberculosis does not have to outcompete other organisms within the same niche. Moreover, the pathology characteristic of TB disease is not mediated by bacterial toxins but instead reflects the host immune response to mycobacterial antigens (Ernst 2012) .
Recent evidence from the nonhuman primate model indicates that the bacterial population within individual pulmonary lesions achieves a maximum size that is fairly consistent, numbering approximately 2 Â 10 5 bacilli per lesion just before the onset of the adaptive immune response and stabilizing at a median of approximately 10 2 bacilli during active disease . It is only those permissive lesions that exceed the characteristic "carrying capacity" that spread locally or result in TB pneumonia ). It seems likely, therefore, that maximal growth might be detrimental to the immediate fate of the infecting bacillus (individual host outcome) or to its long-term survival (evolutionary persistence within the human population). The phenotypes of hypervirulent mutants, for example, often result from mutations in structural and regulatory genes Shimono et al. 2003; Hu et al. 2006) , perhaps indicating that M. tuberculosis virulence is tightly controlled. As discussed below, however, the extent to which metabolic activity varies in different host tissues and within specific cell types remains unresolved, as does the manner in which host cell activation impacts bacillary metabolic state.
Cataloging Mycobacterial Metabolic Capacity
If the genetic repertoire of a pathogen can be used to infer key characteristics of its lifestyle, the M. tuberculosis genome suggested an organism equipped with metabolic flexibility and autonomy, as well as the inherent capacity to resist nutrient stress (Cole et al. 1998) . M. tuberculosis is a prototroph, possessing the biosynthetic capacity for amino acids, vitamins, and cofactors. In addition to a massively expanded complement of genes involved in fatty acid metabolism, the mycobacterial genome encodes a functional tricarboxylic acid cycle, pentose phosphate and Embden-Meyerhof -Parnas pathways, as well as enzymes offering a metabolic link between glycolytic and tricarboxylic acid pathways, suggesting the ability to switch between sugars, host-derived fatty acids, glucose, tricarboxylic acids, amino acids, and cholesterol as sources of nitrogen, carbon, and energy during host infection. Consistent with early predictions, phe-notypic and transcriptional analyses of bacilli grown under defined conditions in vitro, or harvested from clinical infections, reinforced the inferred dependence of M. tuberculosis on fatty acids as primary carbon source (Schnappinger et al. 2003; Timm et al. 2003; Rohde et al. 2012 ). These observations have been reinforced and refined in a large number of studies (McKinney et al. 2000; Pandey and Sassetti 2008; de Carvalho et al. 2010a; Marrero et al. 2010; Rhee et al. 2011; Lee et al. 2013) , which have applied targeted gene-deletion and knockdown mutants, in some cases in combination with metabolomic approaches, in a variety of experimental models in vitro and in vivo to arrive at a common conclusion: M. tuberculosis uses fatty acids as its predominant source of carbon and energy during host infection (discussed below).
Central carbon metabolism intersects with pathways involved in maintaining nitrogen homeostasis at a-ketoglutarate, a substrate of the key tricarboxylic acid cycle enzyme, a-ketoglutarate dehydrogenase, as well as glutamate synthase. Competition for a-ketoglutarate is therefore subject to complex regulation to ensure efficient partitioning between energy generation and anabolism. Recent evidence in M. tuberculosis implicates GarA, a forkhead-associated (FHA) domain-containing protein, of controlling the activities of three enzymes that use a-ketoglutarate-inhibiting a-ketoglutarate dehydrogenase, activating glutamate synthase, and inhibiting glutamate dehydrogenase (Ventura et al. 2013 ). Because GarA is itself subject to phosphorylation and binds multiple kinases (Molle and Kremer 2010) , this observation points to the critical, but largely unexplored, role of posttranslational modifications in regulating core metabolic processes in M. tuberculosis.
Recent Insights into Carbon Metabolism
The observed attenuation of mutants defective in gluconeogenesis, the glyoxylate cycle, and the methylcitrate cycle (McKinney et al. 2000; Munoz-Elias and McKinney 2005; Marrero et al. 2013 ) supports the inferred importance of carbon metabolism for mycobacterial pathogenesis. Moreover, a series of studies have elucidated the functional plasticity inherent in the mycobacterial tricarboxlic acid cycle, in turn implying the ability to use a variety of substrates under different oxygen tensions and in nutritionally diverse host environments (Tian et al. 2005a,b; Baughn et al. 2009; Wagner et al. 2011; Watanabe et al. 2011) . Recent analyses using 13 C-metabolic flux analysis suggest an additional, anabolic role for isocitrate lyase in a so-called "GAS pathway," in which pyruvate dissimilation is achieved at slow growth rates and in glycerol-limited conditions via the glyoxylate shunt and carboxylating anaplerotic reactions (involving phosphoenolpyruvate carboxykinase, pyruvate carboxylase, and malic enzyme), which enable fixation of exogenous CO 2 and generation of biomass via succinyl CoA . The ability to derive carbon from CO 2 was confirmed in follow-up studies from the same group in an experimental model that also suggested the ability of M. tuberculosis to assimilate amino acids including alanine, glutamate/glutamine, and asparagine/aspartate from the host macrophage (Beste et al. 2013) . Importantly, these observations are consistent with prior in vitro results that established the ability of M. tuberculosis to cocatabolize multiple carbon sources simultaneously via compartmentalization of discrete metabolic processes (de Carvalho et al. 2010a ). The capacity for differential catabolism through glycolytic, pentose phosphate, and/or tricarboxylic acid pathways suggests that in vitro growth media should be adjusted to ensure physiologically relevant metabolic activity, particularly in drug screens (discussed below). However, further research is required to determine the relative contribution of different metabolic functions to M. tuberculosis during different growth stages and in different cellular locations. In addition, recent evidence implicating the LpqY-SugA-SugB-SugC ATP-binding cassette transporter in the critical recycling of trehalose (Kalscheuer et al. 2010 ) raises questions about the potential role of carbohydrates in mycobacterial metabolism in vivo ).
The consumption of alternative carbon sources including odd-and branched-chain fatty acids, branched-chain amino acids, and cholesterol generates propionyl CoA as a three-carbon terminal product. This poses a problem for M. tuberculosis in terms of its ability to balance the relative intracellular levels of two-and threecarbon intermediates-propionate is a highenergy metabolite but is toxic to M. tuberculosis if accumulated in elevated concentrations. M. tuberculosis possesses two major pathways for propionate catabolism-the methylcitrate cycle, which depends on the function of isocitrate lyase , and the methylmalonyl pathway, which uses a vitamin B 12 -dependent methylmalonyl CoA mutase (Savvi et al. 2008) . Consistent with the inferred importance of propionate metabolism for M. tuberculosis pathogenesis, previous evidence suggested that, during in vivo infection in a mouse model, bacilli synthesized high-mass phthiocerol dimycocerosate (PDIM) forms via methylmalonylCoA derived from the b-oxidation of host lipids (Jain et al. 2007 ). More recently, however, it has been shown that, in addition to these two pathways, M. tuberculosis is able to limit propionylCoA accumulation by shunting excess subunits into the methyl-branched virulence lipids, sulfolipid-1 and PDIM, which act as a "sink" (Lee et al. 2013) . Moreover, by labeling macrophage lipid droplets with 14 C-propionate, 14 C-oleate, and 14 C-stearate before infection, the investigators showed that M. tuberculosis incorporates host-derived lipids into PDIM, thereby confirming the ability of intracellular bacilli to access host fatty acid stores. In addition to reinforcing the close metabolic interaction between infecting pathogen and its cellular environment, these observations suggest that fluctuations in the amount of propionate routed into cell wall lipids will affect the host-pathogen interaction. Furthermore, because the methylmalonyl pathway depends on vitamin B 12 for activity, the availability of this cofactor is likely to determine relative flux through the different routes (Griffin et al. 2012) . In turn, this observation reinforces the potential impact of metabolic activity on disease progression and pathology and highlights the importance of determining the levels of key metabolites and cofactors in different host compartments.
Metabolism in the Absence of Growth
A seminal review (Boshoff and Barry 2005) pointed out that even nonreplicating bacilli must retain sufficient basal metabolic activity to ensure maintenance of an energized cell membrane as well as core cellular processes. Of particular importance is the need to sustain lowlevel ATP production and the continual regeneration of reducing equivalents in the form of NAD þ to maintain the proton motive force. The first of two key studies investigating this notion used metabolomics and isotopomer analyses to investigate the shift in central metabolism in M. tuberculosis during replication arrest under diminishing oxygen conditions (Watanabe et al. 2011) . The results confirmed a significant decrease in intracellular ATP levels in oxygen-starved bacilli relative to active aerobic growth and a large increase in the ratio of NADH to NAD þ . To alleviate this effect, bacilli grown on glucose initiate a reversed TCA cycle, which results in the net incorporation of CO 2 and the active secretion of succinate in a fermentative respiratory strategy. The critical role of succinate in hypoxic adaptation in M. tuberculosis was reinforced in separate work that also measured intermediates of the mycobacterial TCA cycle during the shift to anoxia, although in this case acetate was supplied as primary carbon source so as to mimic the inferred importance of fatty acid metabolism for mycobacterial pathogenesis (Eoh and Rhee 2013) . The results implicated the glyoxylate shunt in the generation of succinate and glycine, specifically identifying functional isocitrate lyase as critical to this process, and thereby establishing an additional role for the enzyme independent from its established contribution to fatty acid catabolism (Munoz-Elias and McKinney 2005) . Based on these observations, the investigators proposed that succinate functions as a "metabolic battery" in M. tuberculosis, ensuring sustained membrane potential, ATP synthesis, and supply of TCA cycle intermediates. Although this suggests key components of the fermentative pro-cess as potential drug targets for latent TB, it also prompts an important question about the impact of secreted succinate on the local inflammatory response. Recent evidence implicating macrophage-derived succinate in innate immune signaling (Tannahill et al. 2013 ) raises the possibility that mycobacterial metabolic shutdown might be coupled with decreased host immune activity.
MYCOBACTERIAL METABOLISM AND THE HOST IMMUNE RESPONSE
M. tuberculosis has adapted to human infection over 70,000 years of coevolution . Any analysis of metabolic function in this bacterium must, therefore, consider the influence of metabolism on the host -pathogen interaction. Because infecting bacilli are wholly dependent on their human host for increased biomass, access to nutrients represents a critical point of conflict. For this reason, mechanisms directly regulating nutrient and trace metal availability are key to an effective host immune response and involve both starving (Wagner et al. 2005; Zhang et al. 2013b) or poisoning (Botella et al. 2011 ) the infecting bacilli, which themselves use countermeasures such as the mobilization of specific small molecule effectors including cAMP to modulate host immune function (Agarwal et al. 2009 ). Infection with M. tuberculosis can also impact cellular metabolism; for example, by diverting glycolysis toward ketone body biosynthesis, M. tuberculosis actively disrupts macrophage metabolic homeostasis to promote the accumulation of lipid bodies (Singh et al. 2012) . This process, which is mediated by mycobacterial mycolic acids and ensures the incorporation of phagosomal bacilli into intracellular lipid bodies, induces a nonreplicating state in M. tuberculosis, suggesting that the resultant foamy macrophages constitute an important reservoir of persistent organisms (Peyron et al. 2008) . Similarly, transcriptional and biochemical analyses are consistent with the idea that M. tuberculosis infection dysregulates host lipid metabolism so that the caseating granulomas characteristic of active TB disease comprise the preferred carbon sources of the bacillus-cholesterol, triacylglycerides, and glycosphingolipids .
It has been proposed, too, that M. tuberculosis causes a nutritional imbalance that triggers autophagy in infected macrophages (Kumar and Rao 2011) . In support of these observations, pioneering RNAi screens to elucidate host factors that are critical to controlling intracellular infection identified genes involved in metabolic regulation and function (Jayaswal et al. 2010; Kumar et al. 2010 ). More recently, immunoresponsive gene 1 (Irg1) has been implicated in the inhibition of M. tuberculosis through the production of itaconic acid (Michelucci et al. 2013 ), a succinate analog that inhibits isocitrate lyase and is induced in activated macrophages (Strelko et al. 2011) . Itaconate has been usefully applied in vitro to show the existence of a functional citramalate cycle in some bacteria (Berg et al. 2002) ; therefore, the detection of elevated citramalate concentrations in sputum samples from patients with active TB disease (du Preez and Loots 2013) is intriguing, particularly given the inferred importance of succinate in host immune function (Tannahill et al. 2013) .
Emerging evidence from different bacterial systems, as well as M. tuberculosis, reinforces the notion that metabolism is fundamental to host -pathogen dynamics. For example, Group A Streptococcus directly modulates asparagine production by host cells, in turn triggering expression of an asparagine-responsive gene regulon that stimulates bacterial proliferation (Baruch et al. 2014) . Critically, this study showed that degradation of asparagine through the administration of asparaginase resulted in bacterial growth arrest, thereby suggesting a novel antibacterial intervention targeting host amino acid homeostasis. Recent work by Eric Rubin and colleagues has similarly situated tryptophan homeostasis at the nexus of the mycobacterium -host interaction (Zhang et al. 2013b) . Using a transposon insertion site-mapping method pioneered in the same laboratory (Sassetti and Rubin 2003), the investigators identified the set of mycobacterial genes that is essential to the ability of the bacillus to survive in an immune-competent host (Zhang et al. 2013b ).
Consistent with previous observations, these included genes required for gluconeogenesis, reinforcing the inferred role of fatty acid catabolism in M. tuberculosis pathogenesis (Marrero et al. 2010 ). In addition, the analysis of underrepresented genes revealed a specific requirement for a functional tryptophan biosynthetic pathway. Immune activation triggers up-regulation of host indoleamine 2,3-dioxygenase, an enzyme involved in tryptophan catabolism, as part of an established antimicrobial response that effectively starves invading pathogens of the essential amino acid. Like some other bacteria, M. tuberculosis counters this mechanism by synthesizing tryptophan de novo, thereby identifying the tryptophan biosynthetic machinery as a potential therapeutic target. Using fluorinated anthranilate derivatives, the investigators showed that inhibition of the essential anthranilate synthase, TrpE, was bactericidal in vitro and limited growth in the mouse model (Zhang et al. 2013b) .
Microbial metabolites are antigens for host immune detection; for example, vitamin B 2 and vitamin B 9 derivatives are natural ligands for the MHC class I-like related molecule (MR1) on mucosal-associated invariant T (MAIT) cells (Kjer-Nielsen et al. 2012) , and they can also modulate host immune function . In turn, this implies that tight spatial and temporal control of metabolism is likely to be critical to an obligate pathogen whose entire life cycle occurs within the context of host infection and, therefore, immune surveillance. Indirect support of this idea is provided by the observation that metabolic enzymes are among the confirmed T-cell epitopes that appear to be hyperconserved (Comas et al. 2010) , suggesting that the gene products as well as their metabolic functions are under direct negative selectionfor example, glutamine synthetase, a secreted enzyme which is thought to be involved in bacillary regulation of host intracellular pH through disrupted ammonia metabolism (Kumar and Rao 2011). In contrast, comparative genomics suggests that various metabolic functions have been gained or lost during the evolution of modern M. tuberculosis strains from the ancestral smooth tubercle bacillus (Stinear et al. 2008; McGuire et al. 2012; Supply et al. 2013) , including those required for the biosynthesis of cofactors such as molybdopterin ) and vitamin B 12 (Gopinath et al. 2013a) . Similarly, inactivating polymorphisms and large deletions affecting genes involved in intermediary metabolism are overrepresented in comparative genomic analyses of circulating clinical isolates, suggesting strong selection pressure on specific metabolic functions (Tsolaki et al. 2004; Warner et al. 2007) . The extent to which the loss of these genes impacts the short-term competitive survival and, on a longer timescale, the persistence of the evolved mutant within the human population is unclear and requires further investigation.
INVESTIGATING MYCOBACTERIAL METABOLISM IN VIVO Auxotrophs as Bioprobes of Host Environments
There has been considerable activity around the construction of amino acid auxotrophs (Hinshelwood and Stoker 1992; McAdam et al. 1995; Gordhan et al. 2002; Parish 2003) , mainly for their possible development as live-attenuated vaccines (Chambers et al. 2000; Smith et al. 2001; Pavelka et al. 2003; Sampson et al. 2004 Sampson et al. , 2011 . In different mouse models, arginine (Gordhan et al. 2002) , lysine (Pavelka et al. 2003) , leucine (McAdam et al. 1995; Chambers et al. 2000) , methionine, proline, and tryptophan auxotrophs (Smith et al. 2001 ) are severely attenuated, suggesting the inability of the infecting mycobacteria to scavenge adequate sources of the respective essential amino acids from the host. Double-auxotrophic mutants of Mtb have also been constructed carrying inactivating deletions in pantothenate (vitamin B 5 ) and either lysine (Sambandamurthy et al. 2005; Larsen et al. 2009 ) or leucine (Sampson et al. 2004 biosynthetic pathways and fail to cause disease in multiple animal models. These attenuated strains have also found practical use under biological safety II conditions-for example, in a complex high-throughput drug screen to identify compounds that are active against nonreplicating bacilli (Gold et al. 2012) .
Notwithstanding the potential prophylactic applications, auxotrophic mutants can prove extremely useful as probes of the host environment. For example, the profound in vivo attenuation of the arginine auxotroph (Gordhan et al. 2002 ) is unexpected given the critical role of arginine as substrate for nitric oxide (NO) production in M. tuberculosis -infected macrophages (Qualls et al. 2012) , implying the inability of the bacillus to transport specific amino acids in vivo. Alternatively, it might indicate the capacity of infected host cells to sequester specific amino acids, as described for tryptophan (Zhang et al. 2013b ). As noted above, amino acids such as asparagine, glutamate, and aspartate serve as organic sources of nitrogen, which implicates amino acid transport and assimilatory mechanisms in pathogenesis independent of the corresponding biosynthetic pathways. For example, recent work has established that M. tuberculosis requires host-derived aspartate (Gouzy et al. 2013 ). Deletion of the aspartate transporter, AnsP1, resulted in severe growth attenuation during infection of both wild-type and immunodeficient mice and was associated with reduced pathology. In addition to identifying the aspartate transporter, this study is notable for two reasons. First, the observation that in vitro models do not necessarily reproduce key aspects of the host environment-the ansP1 mutant showed no growth defect in macrophages, in contrast to the profound phenotype observed in vivo. Second, the involvement of AnsP1 in aspartate assimilation-the MTB genome encodes paralogous AnsP1 and AnsP2 proteins that show significant identity to asparagine transporters, yet although AnsP1 is essential for aspartate uptake, followup work from the same group has implicated AnsP2 in a asparagine transport and catabolism in combination with the secreted asparaginase, AnsA (Gouzy et al. 2014 ). Deletion of AnsP2 does not eliminate nitrogen assimilation from asparagine, suggesting that another protein(s) compensates for loss of function. By analogy with the recent identification of the mycobacterial corrinoid (Gopinath et al. 2013b ) and heme (Tullius et al. 2011; Owens et al. 2013 ) transporters, this observation reinforces the need to identify the mechanisms that mediate uptake of essential nutrients, cofactors, and trace elements in M. tuberculosis and simultaneously highlights the unique adaptation of conserved proteins to specialist functions in an obligate pathogen (discussed below). In addition, the dual role of the ansA-encoded asparaginase in mycobacterial nitrogen homeostasis and the defense against host-mediated acid stress reinforces the intersection of physiology and virulence in core metabolic functions.
Advances in the Postgenomic Era
Knockout mutants, whether containing targeted or random disruptions of metabolic enzymes, are limited in their ability to provide insights into the temporal requirements for specific metabolic functions. Moreover, the use of transposon libraries to infer gene essentiality is complicated by the potential of a population of bacilli containing wild-type alleles to compensate in trans for loss of a specific function in the corresponding insertion mutant(s). Systems that allow conditional knockout (or knockdown) of target genes by promoter replacement or regulated protein degradation through the use of tetracycline-responsive genetic elements (Ehrt et al. 2005) have provided a powerful solution to this problem, enabling confirmation of inferred essentiality under a variety of conditions in vitro, as well as precise determinations of the stage of infection at which particular metabolic functions are critical for survival in vivo (Blumenthal et al. 2010; Wei et al. 2011; Kim et al. 2013) . For the same reasons, conditional mutants are also very useful in validating putative drug targets (Blumenthal et al. 2010; Kolly et al. 2014) , as well as in enabling assessments of the vulnerability of the mycobacterial cell to partial disruption of a specific function (Wei et al. 2011) . In addition, the intrinsic resistance of M. tuberculosis to most antibiotic compounds has suggested the utility of applying conditional mutants in novel approaches such as target-based whole-cell screening (Lechartier et al. 2014) ; for example, a con-ditional knockdown of pantothenate synthase, panC, was recently used to identify potential small-molecule inhibitors of the essential vitamin B 5 biosynthetic pathway (Abrahams et al. 2012) .
As noted elsewhere (Beste and McFadden 2010; Rhee 2013) , an inherent weakness of all genetic manipulations is that the phenotype of the resulting mutant might reflect the loss of a function(s), which cannot be predicted by genetic or bioinformatic analyses. In addition, evidence from other bacterial systems indicates that metabolic networks are robust and tolerate perturbations via compensatory and regulatory mechanisms that are often mediated at multiple levels through complex protein networks (Ishii et al. 2007 ). The absence of a discernible phenotype at the cellular level might, therefore, obscure the underlying metabolic adjustment necessary to maintain homeostasis. Attempts to circumvent these limitations are increasingly reliant on the so-called "metabolomics" approaches, which do not require genetic manipulation of mycobacterial gene function, but instead depend on the ability to detect, and quantify, specific molecules (metabolites) that can provide detailed information about the metabolic state of the bacillus at a specific instant (i.e., a snapshot of the biochemical makeup of the cell). By definition, the instantaneous cellular composition is a function of the regulatory and other metabolic pathways whose combined activities have yielded the observed state; for this reason, metabolomics is complementary to other approaches such as proteomics, lipidomics, and transcriptomics, and combinations of these techniques can be harnessed to generate true systems biology data (Galagan et al. 2013) .
Owing to the considerable technical challenges (Boshoff and Lun 2010) , metabolomics has been most profitably applied during growth of M. tuberculosis under defined conditions in vitro (de Carvalho et al. 2010a; Beste et al. 2011 Beste et al. , 2013 Watanabe et al. 2011) , although there is increasing use of metabolite profiling to identify biomarkers of infection in experimental models as well as clinical specimens (Shin et al. 2011; du Preez and Loots 2013; Zhou et al. 2013; Mahapatra et al. 2014 ). As noted above, these techniques have proved especially useful in enabling key insights into central carbon metabolism in M. tuberculosis and, in addition to investigating known pathways, have revealed cryptic biochemical functions. For example, activity-based metabolomic profiling has enabled functional annotation of conserved and hypothetical proteins such as D,L-glycerol 3-phosphate phosphatase, whose presence in the genome implies that M. tuberculosis has the metabolic machinery to catabolize glycerophospholipids (LarrouyMaumus et al. 2013) , as well as 2-hydroxy-3-oxoadipate synthase (de Carvalho et al. 2010b) . Similarly, pathway profiling established that the primary function of the igr operon is to degrade the 2 0 -propanoate side chain of cholesterol (Thomas et al. 2011) .
Metabolomic analyses have also been used to identify potential biomarkers of disease. Experimental models, including mice and guinea pigs (Shin et al. 2011; Somashekar et al. 2012) , have established that M. tuberculosis infection has a profound impact on host metabolism, and these observations have been reiterated in clinical samples where differential metabolite profiles have been used to distinguish uninfected controls from latently infected patients as well as those with active disease (Weiner et al. 2012b; Zhou et al. 2013) . Of special interest is the identification of kynurenine as a defining metabolite of active TB (Weiner et al. 2012b) , because this is the product of the indoleamine-2,3-dioxygenase-catalyzed degradation of tryptophan that, as detailed above, recent work has implicated in the host antimycobacterial response (Zhang et al. 2013b) . Other approaches include the analysis of sputum for both mycobacterial and host markers of disease (du Preez and Loots 2013), as well as the development of urinary metabolite signatures to track the response to chemotherapy (Mahapatra et al. 2014 ). In addition, differential metabolite profiles have been investigated as a method to speciate pathogenic and nonpathogenic mycobacteria (Olivier and Loots 2012) and to investigate the impact of drug resistance mutations on bacterial physiology (Bisson et al. 2012; Loots 2014) , as discussed further below.
TB DRUG DISCOVERY AND M. tuberculosis METABOLISM Targeting Mycobacterial Metabolism
The metabolic capacity of an obligate pathogen such as M. tuberculosis is critical to drug discovery for interrelated reasons: First, it determines which metabolic pathways or functions are essential for pathogenesis, and so might represent preferred antibiotic targets; and, second, it influences predictions around the prospective efficacy of any new drug or drug combination because redundant function, or the potential for alternative metabolic pathways or states, could render a potent in vitro compound useless in disease-relevant conditions. The risk of redundant (or alternative) function is exacerbated by the fact that approximately one-quarter of the M. tuberculosis genome lacks functional annotation (Lew et al. 2013; Slayden et al. 2013) . Moreover, consistent with the inferred evolution of M. tuberculosis as specialist pathogen from an ancestral generalist environmental Mycobacterium (Stinear et al. 2008; McGuire et al. 2012) , genes annotated on the basis of close homology with orthologs in other organisms can encode proteins that have evolved completely novel and/or additional functions. Compelling examples include the recently identified aspartate (Gouzy et al. 2013 ) and vitamin B 12 (Gopinath et al. 2013b ) transporters, as well as the multiple subunits of the pyruvate dehydrogenase complex, which were almost entirely misannotated ) and include the dlaT-encoded dihydrolipoamide acyltransferase (Tian et al. 2005b ) and lpd-encoded lipoamide dehydrogenase . For this reason, functional annotation of the M. tuberculosis genome remains a critical research priority (Slayden et al. 2013 ).
As noted above, investigations of metabolic capacity in M. tuberculosis have been framed largely within the context of drug discovery, with a particular focus on the identification of vital (essential) genes or pathways as potential targets. The "essential gene lists" derived in the landmark studies of Christopher Sassetti, Eric Rubin, and colleagues , refined in a series of subsequent iterations exploring different infection models (Rengarajan et al. 2005; Brodin et al. 2010; Griffin et al. 2011; Zhang et al. 2013b) , have been routinely applied as a starting criterion in target selection and prioritization (Warner and Mizrahi 2012) . In turn, this has motivated efforts to develop in vitro growth models that more closely resemble the host environments encountered by M. tuberculosis (Franzblau et al. 2012; Dartois and Barry 2013) . These studies have catalogued a range of carbon sources (Baek et al. 2011) , pH values (Vandal et al. 2008) , and oxygen tensions (Cho et al. 2007 ) in which the bacillus is able to survive and, in most cases, replicate, even in the presence of applied stimuli such as oxidative and nitrosative stresses Gold et al. 2012 ). In addition, alternative screens have been developed against bacilli contained within macrophages (Christophe et al. 2009; Stanley et al. 2014) or grown under conditions that are predicted to obtain during host infection (de Carvalho et al. 2009; Franzblau et al. 2012; Gold et al. 2012 ).
An instructive example of the direct impact of growth medium composition on drug efficacy was provided by the identification of the pyrimidine-imidazole class of compounds that, despite impressive in vitro potency against M. tuberculosis, were inactive in vivo owing to the fact that their inhibitory activity was dependent on metabolic poisoning of bacilli grown in media containing glycerol . To counter this effect, most in vitro screening algorithms now use more than carbon source (Franzblau et al. 2012 ). Nevertheless, determining the in vivo availability of specific lipids, amino acids, cofactors, and trace metals remains critical for antibiotic discovery, as there are a number of cases in which the unexpected ability of different bacteria to scavenge essential nutrients from the host has precluded further development of very promising lead compounds as clinic candidates (Brinster et al. 2009 ). In addition, there is strong evidence for the impact of metabolic state on drug efficacy; for example, the bactericidal activity of bedaquiline, an ATP synthase inhibitor, is significantly enhanced during growth of M. tuberculosis on nonfermentable energy sources such as lipids, which limit the ability of the bacillus to generate ATP via glycolysis (Koul et al. 2014) .
Current TB drug screening programs are characterized by significant redundancy in the nature of the compounds screened, as well as the putative targets, with mutations in a handful of "promiscuous" cell wall -associated proteins (e.g., DprE1, MmpL3, and QcrB) accounting for a large proportion of resistance phenotypes (Goldman 2013) . There are, however, promising examples of the potential to inhibit other metabolic functions. These include the identification of sulfonamides and rhodanines that, respectively, target lipoamide dehydrogenase (Bryk et al. 2013 ) and dihydrolipoamide acyltransferase (Bryk et al. 2008) , components of both the mycobacterial pyruvate dehydrogenase and peroxynitrite reductase complexes and, therefore, critical for intermediary metabolism as well as oxidative and nitrosative defense (Tian et al. 2005a; Shi and Ehrt 2006; Venugopal et al. 2011) . Alternative approaches include the development of ATP-competitive inhibitors of enzymatic activities that are essential for active replication and/or hypoxia-induced nonreplication (Wolfe et al. 2013) , as well as small molecules to disrupt biotin biosynthesis or posttranslational biotinylation that is essential for protein function (Duckworth et al. 2011) .
Mycobacterial Metabolism and Drug Efficacy
Altering key environmental variables can impact the mycobacterial growth rate, triggering a shift to an alternative metabolic state (Beste et al. 2005 ) that, in turn, can impact susceptibility to specific drugs. For example, growth arrest owing to a variety of stresses thought to prevail during host infection, including hypoxia, iron limitation, and low pH, has been associated with a metabolic shift in M. tuberculosis that directs carbon away from the TCA cycle and into the biosynthesis of triacyglycerol, which accumulates in the cytosol (Baek et al. 2011) . The resulting metabolic shutdown renders M. tuberculosis tolerant to a number of antibiotics and so suggests a direct link between bacterial metabolic state and observed drug efficacy. This effect is reproduced during intracellular infection as well; under hypoxic conditions, M. tuberculosis -infected macrophages accumulate lipid droplets, which the bacilli import and assimilate into their own triacylglycerol stores (Daniel et al. 2011) . Consistent with in vitro observations (Baek et al. 2011) , the ability to use host-derived lipids is dependent on functional triacylglycerol synthase, Tgs1 (Daniel et al. 2011) . Moreover, sputum samples from TB patients contain a subpopulation of nonreplicating bacilli loaded with triacylglycerol lipid bodies (Garton et al. 2008) , raising the possibility that this state might impact early events in bacillary transmission and host colonization (Woolhiser et al. 2007; Bacon et al. 2014) .
Although direct evidence is lacking for the relevance of a nonreplicating state to the extended duration of anti-TB therapy, there is consensus that confining assessments of inhibitory activities to actively replicating bacilli in media comprising rich mixtures of carbon sources under aerobic conditions prejudices the outcome of compound screens (Dartois and Barry 2013; Goldman 2013) . As a result, there has been considerable interest in the development of simulated microenvironmental conditions, which elicit a state of "nonreplicating persistence." For example, the combination of reactive nitrogen intermediates, acid, hypoxia, and butyrate as sole carbon source has identified agents active against both replicating and nonreplicating M. tuberculosis Gold et al. 2012) , whereas a carbon starvation model also yielded novel small molecules that are active against metabolically quiescent bacilli (Grant et al. 2013) . It is worth noting that, in the latter study, a comparison of the activities of a panel of hit compounds across three different in vitro models of hypoxia and nonreplicating persistence revealed differences in efficacy, suggesting that the phenotypically tolerant state conceals potentially significant variations in the underlying bacterial physiology, a disturbing possibility that requires further investigation.
The Metabolic Response to Drug Treatment
Metabolomics has the potential to provide pharmacokinetic and pharmacodynamic information from the treated mycobacterial cell Chakraborty et al. 2013) . For this reason, these techniques have been especially useful in determining the systems-level impact of drug treatment on M. tuberculosis physiology, providing key insights into the mechanisms of action of new Halouska et al. 2012 ) and even established (Halouska et al. 2013; Prosser and de Carvalho 2013) anti-TB drugs. For example, it was generally assumed that the second-line anti-TB drug, para-aminosalicylic acid (PAS), competitively inhibits the essential dihydropteroate synthase in folate metabolism by acting as a mimetic of the natural enzyme substrate, paminobenzoate. However, recent analyses have instead established that PAS is a prodrug (Chakraborty et al. 2013) whose active product, a hydroxyl dihydrofolate antimetabolite, inhibits the activity of another essential enzyme in folate metabolism, dihydrofolate reductase (Zheng et al. 2013) .
In a complementary approach, systems-level analyses have been increasingly applied to investigate mycobacterial mechanisms of resistance to anti-TB drugs (Kumar et al. 2013) , as well as to elucidate the effect of common drugresistance mutations on bacillary physiology and cell function and, by implication, pathogenesis (Bisson et al. 2012; du Preez and Loots 2012; Loots 2014) . For example, proteomic profiling of M. tuberculosis isolates resistant to kanamycin and amikacin implicated putative iron homeostatic proteins as well as proteins of unknown function in the metabolic adaptation of mutants resistant to the major second-line aminoglycosides (Kumar et al. 2013) . Moreover, comparative proteomics of clinical rifampicinresistant isolates has revealed differences in the expression profiles of specific rpoB mutants of the Mtb Haarlem and Beijing lineages compared with corresponding drug-susceptible counterparts (Bisson et al. 2012) . Of special interest, distinct alterations were identified in the biosynthesis and regulation of phthiocerol dimycocerosate, a methyl-branched fatty acid that has been implicated in mycobacterial virulence (Jackson et al. 2007) . In related analyses of in vitro -selected rifampicin-resistant mutants with distinct rpoB mutations, the investigators were able to differentiate the respective rpoB mutants from one other as well as the parental strain based on fatty acid composition (du Preez and Loots 2012). Moreover, follow-up work from the same laboratory suggests that a metabolic shift in isoniazid-resistant mutants ameliorates the increased vulnerability to oxidative stress that is consequent on katG mutations (Loots 2014) . In combination, these results hint at a potential physiological effect of resistance that might be independent of drug selection (Koch et al. 2014) ; however, further research is required to test this hypothesis.
FUTURE RESEARCH
The increasing availability of whole-genome sequence data has enabled crucial insights into the evolution, epidemiology, population structure, and diversity of M. tuberculosis and related pathogenic and nonpathogenic mycobacteria (Ford et al. 2012) . In addition to identifying unexpected genome plasticity in M. tuberculosis (Domenech et al. 2010; Weiner et al. 2012a; Shitikov et al. 2014) , these analyses have established that chromosomal rearrangements and point mutations drive the genetic adaptation of M. tuberculosis within its narrow ecological niche. Some nonsynonymous mutations and insertion -deletion events represent known drug-resistance alleles (Farhat et al. 2013; Zhang et al. 2013a; Casali et al. 2014) or are likely to be inactivating (Tsolaki et al. 2004; Keating et al. 2005; Warner et al. 2007) ; for the majority of genomic mutations and rearrangements, however, predicting the impact of specific polymorphisms on the function of the encoded proteins remains a major challenge (Golby et al. 2013; Rose et al. 2013) and is exacerbated where multiple mutations differentiate the strain of interest from the parental isolate. Moreover, evidence of a functional consequence of a synonymous single-nucleotide polymorphism reinforces the complexity of inferring the relative "importance" (and impact) of observed genomic mutations from sequence data alone (Golby et al. 2013) .
One possible approach to functional analysis has been suggested by recent work that used metabolomic footprinting to investigate the adaptation of clonal isolates of Pseudomonas aeruginosa collected serially during long-term infections of cystic fibrosis patients (Behrends et al. 2013 ). This study revealed metabolic adaptations during long-term colonization, including decreased acetate production and evolution of systems for amino acid scavenging. For pathogenic mycobacteria, there have been promising attempts to adapt a commercial platform (Biolog Phenotype Microarray) to generate phenotypic profiles based on the differential abilities of individual lineages and/or strains to use a variety of defined nutrient sources during growth in vitro . It seems likely, though, that the development of methods to assign genotype -phenotype correlations, including the impact of mutations on the hostpathogen interaction, for large strain panels will be an active area of future research.
As noted elsewhere , the profound disconnection between in vitro growth models and the in vivo life cycle of M. tuberculosis as obligate pathogen represents a critical limitation on current attempts to understand the impact of mycobacterial metabolism on the host -pathogen interaction; whereas experimental models of M. tuberculosis pathogenesis are largely designed to investigate the ability of the organism to persist under a variety of imposed stresses such as hypoxia, low pH, and nutrient limitation (each of which can induce a state of nonreplication), metabolic and physiological processes are analyzed almost exclusively during active aerobic growth at maximal rates. It will be necessary, therefore, to explore the metabolic state of M. tuberculosis in the in vitro systems that recapitulate some of these stresses (Beste and McFadden 2010; Boshoff and Lun 2010; Rhee et al. 2011) , including those that allow tighter regulation of the mycobacterial replication rate (Beste et al. 2005) . In addition, the development of nonhuman primate models, including macaque Mattila et al. 2013 ) and marmoset , offers the prospect of experimentally tractable in vivo systems for the application of metabolomic analyses in combination with other "omics" techniques to generate true systems biology insight (Galagan et al. 2013) . The parallel generation of advanced in silico models that incorporate data from a range of experimental models will be critical to interpret the emerging data and to the generation of translational algorithms that could enable predictions of metabolic states in clinical disease , as well as for comparative analyses of the differential metabolic capacities of mycobacterial species and lineages (Lofthouse et al. 2013) .
Space constraints dictated that many important aspects of metabolism were ignored in this review. Paramount among these are the signals and signaling mechanisms that regulate metabolic adaptations to different host environments, as well as the transcriptional and posttranslational events that enable the mycobacterial metabolic network to tolerate the perturbations that must inevitably be encountered during host infection. There is increasing evidence that noncoding RNAs are key to the regulation and function of certain metabolic pathways in M. tuberculosis (Arnvig et al. 2011; Golby et al. 2013; Li et al. 2013 ). Moreover, recent observations that specific intergenic regions are essential for mycobacterial survival (Zhang et al. 2012) or are involved in the emergence of drug resistance (Zhang et al. 2013a) hint at a further level of regulation that remains largely unexplored. Metabolic state can also be regulated by other factors; for example, data from E. coli suggest that growth-rate dependent alterations in mRNA stability modulate tricarboxylic cycle activity (Esquerre et al. 2013 ). The possibility, therefore, that the unusually stable transcripts ) characteristic of a slow-growing pathogen have evolved for specific regulatory functions is likely to be tested in future investigations.
The historical term for TB was "consumption" (Schwenk and Macallan 2000) , which eloquently encapsulated the physical effects of the disease on the afflicted patient during its terminal stages. Although I have highlighted some of the consequences of M. tuberculosis infection for host function, particularly those relating to the accumulation of fatty acid stores in infected macrophages, the precise mechanisms mediating the observed metabolic dysfunction in TB disease are poorly understood. Therefore, although considerable effort is spent on developing host-directed therapies targeting immune functions, recent evidence (Gouzy et al. 2013; Zhang et al. 2013b) suggests that a deeper understanding of the metabolic factors that influence the outcome of the M. tuberculosis -host interaction might offer a profitable source of novel anti-TB interventions. 
